In-hospital outcomes are generally acceptable with the conservative treatment of uncomplicated type B aortic dissection, but some patients present with undesirable complications, such as aortic expansion and rupture. Beyond mechanical and shear forces of blood flow affecting the weakened aortic wall, excessive inflammatory response has been shown to be associated with aortic expansion and adverse clinical outcomes. We have previously demonstrated the underlying mechanisms of catastrophic complications after acute aortic dissection (AAD) in mice. We propose that aortic dissection induces expression of the neutrophil chemoattractants CXCL1 and granulocyte-colony stimulating factor in the aortic tunica adventitia. These local environmental changes recruit neutrophils in combination with alteration of bone marrow milieu where reduced CXCL12 expression enhances neutrophil egress. Interleukin (IL)-6 production in the inflammatory adventitial neutrophils causes vascular inflammation, leading to vascular wall fragility. Targeting CXCR2 or IL-6 mitigates aortic expansion and prevents mice from aortic rupture. Collectively, adventitial neutrophil-mediated inflammation may be a potential therapeutic target to limit lethal complications after AAD. 
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. Subsequent disruption of the medial layer separates the aortic wall into true and false lumens with or without communication. The disease propagates anterogradely or retrogradely, causing a variety of complications depending on the organs and vessel branches involved. The incidence is higher in men than in women and increases with age 2 . Other common risk factors associated with AAD are hypertension, pre-existing aortic diseases, family history, smoking, chest trauma, and use of intravenous drugs such as cocaine and amphetamines. The Stanford system classifies dissections that involve the ascending aorta as type A, regardless of where the primary intimal tear starts, and all other dissections as type B. Type A AAD is a catastrophic event with high mortality due to the frequency of fatal complications such as aortic rupture, aortic regurgitation, and cardiac tamponade; it usually requires emergency surgical repair as the initial therapeutic option. Type B AAD generally produces more acceptable outcomes without surgery. Spontaneous distal reentry of blood flow into the true lumen and thrombus formation within the false lumen sometimes resolve the disease propagation and help to avoid aneurysm expansion. Although pharmacological treatment targeting high blood pressure and intolerant pain, alongside careful follow up with imaging modalities, improves clinical outcomes in patients with type B AAD, a substantial proportion of medically treated patients still encounter catastrophic events such as aortic expansion and subsequent aortic rupture even after beginning appropriate management 3, 4 . During the natural history of medically managed type B AAD patients, the fatal complications usually occur within 15 days of presentation 5 , suggesting the importance of further understanding of the disease pathophysiology especially in the acute phase. What a key mediator that incites AAD progression and causes adverse outcomes? Beyond hemodynamic forces affecting the weakened aortic wall, several clinical studies proposed that excessive inflammation is implicated in disease development and is a potential therapeutic target. Peak C-reactive protein (CRP), for example, is a strong predictor of early and late adverse complications in patients with type B AAD [6] [7] [8] [9] . In one retrospective observation, peak serum CRP concentration during hospitalization was positively correlated with the magnitude of aortic enlargement and oxygenation impairment, resulting in poor in-hospital prognosis for patients with distal AAD 6 . Imaging analysis also showed that fluorodeoxyglucose uptake, evidenced by positron emission tomography in the dissected aorta, predicted worse long-term clinical outcomes after type B AAD 9 . These data suggest that systemic activation of the inflammatory cascade following AAD may be critical in the development of catastrophic complications.
Inflammatory Response Following AAD
Experimental approaches are necessary to explore whether enhanced inflammatory response after AAD has a causal effect on disease progression. Previous preclinical studies have focused on the mechanisms for AAD initiation via traditional mouse models, which depend on long-term infusion of angiotensin II (AngII) in ApoE knockout or aged mice 10, 11 . Prevalence of AAD in such animals is quite low and occurrence of the disease is by chance, suggesting the difficulty of applying such models to investigate what occurs after aortic injury. Kurihara et al. established a novel mouse model in which AAD develops at 100% within 24 hours after starting continuous AngII infusion 12 . This model relies on a lysyl oxidase inhibitor β-aminopropionitrile monofumarate (BAPN)-induced preconditioning that weakens collagen and elastin crosslinks in the vessel wall in immature mice. While this pre-AAD aortic condition is typically seen in connective tissue diseases, such as Marfan and Ehlers-Danlos syndromes, it also arises in connection to aging and atherosclerosis 13, 14 . Likewise, serum levels of AngII, the potential trigger cracking the aortic intima in the model, is significantly elevated in human AAD patients compared to healthy controls and non-ruptured aneurysm patients 12 . This new mouse model therefore recapitulates key features of human aortic dissection and facilitates in vivo investigation of the natural course after disease onset.
We have previously shown that AAD unleashes an inflammatory response that causes disease progression 15 . In response to AngII, dissection usually starts at the proximal site of the descending thoracic aorta and propagates distally along with aortic expansion. As a consequence, around 70% of the mice eventually die of aortic rupture within 48 hours after the onset of AngII. Histopathological examination accompanied by flow cytometric analysis reveals the spatiotemporal dynamics of inflammatory cell infiltration to the dissected aorta, where neutrophils massively accumulate in the tunica adventitia until 48 hours after the onset of AngII. Since negligible neutrophils are observed in non-dissected aortic adventitia in BAPN-preconditioned mice with AngII, accumulation of those adventitial neutrophils is a result of aortic dissection. Macrophage and T cell counts are also increased in the tunica adventitia of the injured aorta, and neutrophils dominate the leukocyte populations. These temporal and spatial characteristics of the leukocyte accumulation pattern are consistent with previously reported human AAD pathology 16 . Blood neutrophils increase over time in AAD mice, whereas monocytes and T cells in the blood are not affected. This suggests that the injured aorta recruits neutrophils from elsewhere through circulation, rather than expanding neutrophils locally. Expression of inflammatory cytokines such as interleukin (IL)-1β, IL-6, and tumor necrosis factor-α is augmented peaking at 24 hours after AngII onset; this corresponds to the time course of leukocyte infiltration. Adventitial neutrophils are highly proinflammatory as they are the predominant producer of interleukin-6 (IL-6) especially on the edge of the ruptured site, drawing attention to the activated neutrophils as a crucial player for the disease progression and catastrophic complications.
How are these neutrophils recruited to the dissected aorta? In response to AAD, adventitial cells such as myofibroblasts and macrophages express CXCL1 and granulocyte-colony stimulating factor (G-CSF), known as neutrophil-attracting factors 17, 18 . These changes appear as early as 6 hours after initiation of AngII infusion, prior to neutrophil accumulation. Aortic wall stretching associated with pseudolumen formation promotes the conversion of fibroblasts into smooth muscle actin (SMA + ) myofibroblasts and also stimulates F4/80 + CD206 + resident macrophages in the tunica adventitia. Activation of these cells results in strong CXCL1 production, leading to neutrophil recruitment to the injured site. AAD also facilitates neutrophil egress from the bone marrow (BM) to the circulation. BM protein levels of CXCL12, a stromal cell-producing chemokine that retains neutrophils 19, 20 , are decreased in AAD mice compared to non-dissected animals. This alteration in the BM milieu is attributed in part to enhanced systemic G-CSF levels, and CXCL1 likewise contributes to augmented BM neutrophil release. Although an increased concentration of circulating CXCL1 and G-CSF is observed in the AAD mice, serum CXCL2 concentration was not augmented despite a significant increase in CXCL2 gene expression in the dissected aorta. This suggests distinct functions for CXCL1 and CXCL2 in the post-AAD inflammatory processes similar to other acute inflammatory conditions 21 . Altogether, those data indicate that the dissected aorta gives the chemotactic cue to recruit neutrophils from the BM to the tunica adventitia.
Potential New Therapy Targeting Adventitial Neutrophils
To determine whether neutrophil mobilization from the BM plays a causative role in lethal aortic rupture in AAD mice, we took advantage of a neutralizing approach for CXCR2 15 . Though anti-CXCR2 neutralizing antibody did not affect AAD incidence and systolic blood pressure 48 hours after the onset of AngII infusion, the number of neutrophils in the blood and aorta was profoundly reduced, and the survival rate was significantly improved in AAD mice receiving the antibody. Both dissection length and cross-sectional diameter evidenced by contrastenhanced computed tomography at 48 hours with AngII were also significantly decreased by CXCR2 neutralization. In contrast, the anti-G-CSF neutralizing antibody had a minimal effect on survival in AAD mice, although those mice had comparable disease incidence and blood pressure with significantly reduced blood and aortic neutrophil numbers in comparison to control IgG-treated mice. This difference in efficacy between the two antibodies can be accounted by cells that express their receptors (i.e.. CXCR2 or G-CSF receptor (G-CSFR)). In other words, CXCR2 is exclusively expressed by neutrophils, whereas G-CSFR is expressed on not only neutrophils but also other hematopoietic and nonhematopoietic cells. It can be speculated that G-CSF signaling in cells other than the infiltrating neutrophils may play a protective role in the dissected aorta.
The tunica adventitia of the dissected aorta displays high levels of IL-6 in response to AAD. Most IL-6-producing CD45 + leukocytes in the dissected aorta are neutrophils, as evidenced by flow cytometric and histological analyses. Strong expression of IL-6 on neutrophils can be observed at the edge of the rupture site. Importantly, aortic gene expression and serum concentrations of IL-6 were significantly reduced in AAD mice with CXCR2 neutralization compared to control IgG treatment. This suggests that the effect of CXCR2 neutralization relies in part on attenuation of IL-6-mediated adventitial inflammation. Mice deficient in IL-6 showed improved aortic dilatation and survival without affecting AAD incidence, blood pressure, and blood and aortic neutrophil numbers. Collectively, these data revealed the causal effect of neutrophil-derived IL-6 and the potential therapeutic impact of anti-CXCR2 or anti-IL-6 in preventing lethal complications after AAD.
Potential Translation From Bench to Bedside and Open Questions
Compared to patients with thoracic aortic aneurysm (TAA), patients with AAD have increased serum levels of IL-6, as well as CXCL8 and G-CSF, both of which are neutrophil chemoattractants in humans 15 . Although there is no difference in their serum concentrations at admission between patients with TAA and AAD, they are significantly elevated in response to AAD, peaking 1 to 2 days after admission. Histopathological examinations using human autopsied dissected aortic tissues reveal predominant expression of IL-6 in adventitial neutrophils. Although the sample size was small, these human data suggest a common pathway leading to aortic expansion and subsequent rupture between mice and humans.
The mechanism by which neutrophils produce IL- 6 has not yet been explored. Broken aortic cells release their endogenous components known as danger-associated molecular patterns, and neutrophils might be able to produce and secrete IL-6 upon recognition of those proteins, or perhaps other cells sense them and activate neutrophils for cytokine production. Blockade of this pathway might be an alternative therapeutic strategy to limit AAD progression. Determining appropriate timing for anti-CXCR2 drug administration remains a challenge. Treatment prior to disease onset cannot be translated to the clinic, so further preclinical study-potentially with large animals-is necessary to optimize the treatment regimen. Wu et al. demonstrated that macrophage-derived matrix metalloproteinase-9 participates in acute lung injury, one of the frequent inflammatory complications following AAD
.
It is a matter of great interest whether neutrophil-derived IL-6 also contributes to the underlying pathogenesis in such a systemic event. Recent clinical advances suggest endovascular repair as an emerging therapeutic strategy for patients with both complicated and uncomplicated aortic dissection 2, 23, 24 . The effect of excessive inflammation on outcomes for patients who have undergone stent grafting remains unclear. It might be feasible to target neutrophilmediated post-AAD inflammation in combination with endovascular repair.
Conclusions
Aortic dissection per se induces neutrophil chemoattractant expression in the aortic tunica adventitia, possibly by mechanical injury and stretching followed by pseudolumen formation. Subsequent systemic changes in chemokine-dependent signaling cause neutrophilia and massive neutrophil accumulation in the tunica adventitia of the dissected aorta, leading to aortic expansion and rupture via IL-6 production (summarized in Figure 1) . Importantly, the temporal and spatial dynamics of inflammatory cytokine and chemokine elevation, as well as leukocyte Figure 1 . Inflammatory mechanisms contributing to AAD progression. Aortic dissection induces expression of CXCL1 and G-CSF in the tunica adventitia of the aorta, possibly by mechanical injury and stretching followed by pseudolumen formation. These environmental changes recruit neutrophils in combination with alteration of bone marrow where neutrophil egress is enhanced. Interleukin (IL)-6 production in inflammatory adventitial neutrophils causes vascular inflammation by the outside-in mechanism, leading to vascular wall fragility.
